Abstract. Carbon dioxide (CO 2 ) is considered a precursor gas of volcanic eruptions by volcanologists. Monitoring the anomalous release of this parameter, we can retrieve useful information for the mitigation of volcanic hazards, such as for air traffic security. From a dataset collected during the Stromboli volcano field campaign, an assessment of the wind speed, in both horizontal and vertical paths, performing a fast tracking of this parameter was retrieved. This was determined with a newly designed shot-per-shot differential absorption LiDAR system operated in the near-infrared spectral region due to the simultaneous reconstruction of CO 2 concentrations and wind speeds, using the same sample of LiDAR returns. A correlation method was used for the wind speed retrieval in which the transport of the spatial inhomogeneities of the aerosol backscattering coefficient, along the optical path of the system, was analyzed.
Introduction
Millions of people currently live in the proximity of active or quiescent volcanoes and, therefore, are potentially exposed to the deleterious effects of their eruptions. In fact, volcanic eruptions can create an increase in air pollution levels; they are able to influence climate changes 1 and, in some circumstances, to kill a large number of humans, destroy the adjacent environment, and cause serious damage to national/ international economies.
Mitigation of these effects requires careful assessment of volcano behavior and activity, which can be accomplished via instrument-based volcano monitoring. Accurate knowledge of the gas composition in volcanic plumes gives information on the geophysical processes taking place inside volcanoes and provides alerts on possible eruptions. 2 Until recently, coupled gas-geophysical studies were sparse due to the difference in their sampling frequency (low for gas data). This explains the interest of earth scientists in new techniques of gas detection, in particular for CO 2 , the second most abundant gas in volcanic fluids and the most directly linked to "pre-eruptive" degassing processes. 2, 3 A new differential absorption LiDAR (DIAL) designed to measure the volcanic CO 2 flux was developed as part of the ERC Starting Grant Project "BRIDGE." The Bridge Volcanic LiDAR (BILLI), recently developed at ENEA Research Center of Frascati, successfully retrieved threedimensional tomographic measurements of volcanic CO 2 in the plumes, at Italian volcanoes Pozzuoli Solfatara (Naples, Italy), [3] [4] [5] Stromboli volcano (Sicily, Italy), 6, 7 and Mount Etna (Sicily, Italy). 8 To our knowledge, this was the first time that CO 2 in a volcanic plume was retrieved by LiDAR. BILLI opens unprecedented possibilities in measuring volcanic CO 2 concentrations in excess of a few tens of ppm that can be clearly resolved at a distance of ≥3 km with a spatial resolution of ≤5 m and temporal resolution of ≤10 s.
Quantifying the CO 2 output from Pozzuoli Solfatara and Stromboli was vital to interpreting-and possibly predictingthe future evolution of the volcanic system, yielding huge benefits to the population living nearby. These examples show the huge social values of LiDAR systems in monitoring gas emissions. Observations near densely populated volcanic regions will have a high societal impact throughout Europe.
Another field where eruption forecasting would be crucial is air traffic control. In fact, volcanic ash is a major hazard to aircraft. 9 Smoke and ash from eruptions reduce visibility for visual navigation, and microscopic debris in the ash can sandblast windscreens and melt in the heat of aircraft turbine engines, damaging engines and making them shut down. 9, 10 The most famous example was the air travel disruption after the 2010 Eyjafjallajökull eruption in Iceland. After an initial uninterrupted shutdown over much of northern Europe from the April 15 to April 23, airspace was closed intermittently in different parts of Europe in the following weeks as the path of the ash cloud was tracked. The shutdown had an impact on the economy and cultural events across Europe. Air travel and transport throughout the world was cancelled due to the airspace restrictions, and the International Air Transport Association (IATA) estimated that the total loss for the airline industry was around €1.3 billion.
11 Similar events also took place in the south of Italy, where the eruptions of Mount Etna caused the closing of the airports of Catania in 2011 12 and 2014, 13 and Reggio Calabria in 2015.
14 Also in this case, LiDAR stations could provide a rapid alert to air traffic governing bodies, who could adopt appropriate countermeasures, such as boosting alternative air routes or rail transport, thus minimizing economic losses.
Since LiDARs can profile aerosols over large areas with high spatial resolution, they have the potential to map the spatial concentration of particulates as a function of time. The ability to track these spatial structures in time allows one to determine the wind speed. 15 The latter is a crucial parameter that should be taken into account to adopt effective countermeasures against the previously cited events.
In the case of volcanic particle transport toward airports or residential areas, the knowledge of the wind speed and direction could be of vital importance to local authorities. For the previous reasons, in this work, particular attention will be paid to the retrieval of wind speed in the proximity of an active volcanic region using the BILLI DIAL system.
The area chosen for our experiments was the Stromboli island, off the north coast of Sicily in Italy, which hosts one of the most active Italian volcanos. This volcano is characterized by a persistent eruptive activity (recent eruptions in 2003 and 2007 caused serious damage) 16, 17 that can generate explosive convective clouds that reach heights of several kilometers. 18 Moreover, considering its strategic position in the Tyrrhenian Sea, in the proximity of the main Mediterranean southern air routes, continuous monitoring of this region is necessary and useful.
According to the literature, 15 the measurement of winds is a well-developed technique using elastic backscatter LiDARs. Because of the small physical size of the laser beam and the short pulse width of the laser, the potential exists for LiDARs to make wind measurements with higher spatial and temporal resolution than current sodars or radars. Today, scanning high spectral resolution LiDAR has taken the wind measurement via tracking aerosol/cloud to a high degree of sophistication. 19 Currently, there are numerous valid scientific studies and methods to determine wind speed and direction as well as some turbulence parameters. 15 They are basically divided into coherent methods that rely on laser Doppler velocimetry 20 and incoherent methods. 21 Incoherent methods of wind measurement are not as widespread since they are not as accurate as conventional coherent methods, and they often require the use of relatively high pulse energies that are not eye safe and are generally considered to be inappropriate for routine measurements. 15 Despite our shot-per-shot incoherent DIAL system being not as accurate as coherent methods, it has certain advantages compared with conventional incoherent systems. In fact, as will be shown in Sec. 2.1 of this paper, the laser source works in the IR-B region and the pulse energy is low, compared with previous works. 21, 22 As a consequence, the system operates within the exposure limits imposed by European directive 2006/25/EC, 23 and it is eye-safe. It should be noted that our system was not originally conceived for wind speed tracking but only for CO 2 concentration measurements. Since the knowledge of wind speed is fundamental also for CO 2 flux calculation, 5, 7, 8 it was considered useful to assess this parameter using only our LiDAR system, independent of conventional acquisitions.
Therefore, using the same sample of LiDAR returns, it provides accurate measures of in-plume CO 2 concentration and, despite the limitations in accuracy, it is also able to retrieve a fast tracking of wind speed directly in-situ, without changing the system setup and without additional costs, simply by means of a further computational effort that consists of an advanced data processing method reviewed here.
Here, a simple point correlation method was used for rapid prediction of wind speed evolution. It is basically an attempt to track the motion of discrete atmospheric structures by differences in their particulate backscatter. By tracking the displacement of spatial inhomogeneities of the aerosol backscattering coefficient along the optical path, it is possible to determine the wind speed. 21, 22, [24] [25] [26] After a brief description of the system components and in field setup, the correlation methodology used in the data processing, inspired by the pioneering work of Eloranta (1975) , 21 will be explained in further detail. Wind profiles from a significant dataset, acquired during the experimental campaign of Stromboli in June 2015, will be presented and discussed. The analysis and conclusions will show that the performance of our system has made it possible to build a methodology for the fast tracking of not only the CO 2 concentration and flux [3] [4] [5] [6] [7] [8] but also the wind speed.
Materials and Methods

BILLI System
BILLI 3-8 is a complex DIAL system for environmental remote sensing that provides ground based and range resolved remote measurements of CO 2 concentrations via differential backscatter.
It is mounted in a 3.5-ton truck, usually positioned far from the volcanic plume, and probes the plume with a laser beam. Due to two large elliptical mirrors, the instrument field of view can be aimed in any direction. With such a configuration, which scans the plume in both horizontal and vertical planes, the CO 2 concentrations outside and inside the volcanic plume are measured. These measurements, once carried out over a significant part of the plume and upon scaling to the transport rate (as derived from the wind speed at the plume altitude), allow one to retrieve the carbon dioxide flux. More details about this procedure are reported in Refs. 5 and 6.
As already stated, such an established system can also be used for the measurement of wind speed [27] [28] [29] due to the ability of steering the optics in different directions. The number of photons backscattered by the atmosphere at a given distance from the instrument is proportional to the backscattering coefficient. This factor is a function of the density of aerosols responsible for the light scattering. Any change in its spatiotemporal distribution during a data acquisition, therefore, will lead to variations in the LiDAR returns from one laser shot to another. As will be shown in the next section, the wind speed can be obtained from the transport of the spatial inhomogeneities of the backscattering coefficient along the optical path. 27 The system is composed of a transmitter and receiver equipment [ Fig. 1(a) ]. Due to two large elliptical mirrors, the instrument field of view can be aimed at any direction within a large field of regard [ Fig. 1(b) ].
The transmission subsystem is based on a double grating dye-laser optically pumped by an injection seeded Nd:YAG laser (powerful, tunable, and narrow-linewidth) that also outputs the second harmonic that is used to pump a difference frequency mixing and optical parametric amplifier operating in NIR band. Tm, Ho:YLF, and fiber lasers were discarded mainly for their limited tunability (few tens of nanometers) that can limit the access to choose the best absorption line. An optical parametric oscillator could also be a good choice, but our experience shows that they tend to be quite delicate and not easy to deploy in the harsh environment near degassing craters. 6 Instead, the receiver subsystem is based on a telescope, a detector, and an analogical to digital converter. More details concerning the mode of operation of the BILLI system are reported in previous works. [3] [4] [5] [6] [7] [8] The specifications of the system are shown in Table 1.   6 It is well known, CO 2 absorbs in the 15, 4.2, 2.1, and 1.6 μm bands (in order of decreasing strength). 4 Unfortunately, in the first two bands, viable lasers are not available and atmospheric backscattering is rather low, so the 2.1 band has been chosen for CO 2 detection. 6 Nevertheless, the DIAL measurement of CO 2 remains a difficult task because the absorption lines are narrow and weak. 4 Furthermore, with respect to previous experiments, [3] [4] [5] during the experimental campaign of Stromboli, the operative wavelengths were slightly changed (see Table 1 ). This reduced the differential absorption cross-section of carbon dioxide (Δσ), thus allowing the laser beam to reach longer ranges.
Summarizing, the main characteristics of the BILLI DIAL system are the following:
• the system is able to explore the atmosphere in both vertical and horizontal directions; • each LiDAR profile is obtained averaging 50 shots ON and OFF (interlaced between them with t shift ¼ 0.1 s); • the temporal resolution between laser shots (Δt) is equal to 10 ns, corresponding to ΔR ¼ AE1.5 m;
• a concentration profile is obtained (10 s) by a couple of LiDAR signals (ON and OFF) using the newly designed mathematical technique explicitly developed for this application; • knowing the (estimated) plume speed, it is possible to obtain the CO 2 flux (kg/s), with an uncertainty of about 25%; 7
• starting from LiDAR profiles acquired successively, it is possible to track, as rapidly as possible, the motion of discrete atmospheric particles emitted by the volcanic crater. This allows one to determine the wind speed (AEv m · s −1 ).
Experimental Setup
Notwithstanding the harsh environment caused by high humidity and presence of acid vapors and resuspended dust at Stromboli volcano, the BILLI DIAL system operated almost continuously for nearly a week in June 2015. 6, 7 The main goal of the field campaign was to demonstrate the combined determination of carbon dioxide contained in a volcanic plume for early warning of eruptions and the wind speed for rapid tracking of volcanic particles. BILLI was mounted in a truck positioned up to 3 km from the volcanic plume and probed the plume with its laser beam [see Fig. 2(b) ], without any risks to authorized personnel. 6, 7 In-situ calibration of the system has been possible due to a fixed reference point: a small building, named "Casuzza" by volcanologists, placed 930 m from the position of the system. This reference point was particularly useful during the data postprocessing step, for converting experimental azimuth angles into real azimuth angles. In fact, once we knew the correct geographical coordinates of this point, it was possible to determine both the exact position of the system and the main topographic obstacles in the investigated area and, therefore, their relative geographic coordinates.
As is shown in Figs. 2(b) and 3, BILLI DIAL system scanned the area of interest in both vertical (elevation angles from 14 to 24 deg) and horizontal planes (azimuth angles from 227 to 317 deg).
For retrieving the wind speed using our system, a set of data (lasting about 90 min) was selected from the morning of June 26, 2015. In Fig. 3 , both the azimuth (Φ) and elevation (θ) angles of LiDAR profiles are clearly visible. As will be shown in the next section, this set of data was processed with this correlation method. Finally, experimental results obtained on the field were compared with current values of wind speed and direction acquired by conventional instruments of the nearest weather station near Stromboli [4-m above the sea level (ASL)], 560 m away from the system. This is visible in Fig. 3 (wind speed ≈1.38 m · s −1 , wind direction: N-NW). 30 
Correlation Function and Wind Speed
In a LiDAR system, the received light power PðRÞ comes from the backscattering of the emitted laser pulse by an atmospheric layer at a distance R from the source. The LiDAR equation expresses PðRÞ in terms of the experimental and atmospheric parameters as follows:
27,28
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 7 1 9 PðRÞ ¼ AξðRÞ
where A is the active surface of the receiver, ξðRÞ is its detection efficiency, E 0 is the transmitted energy, ΔR is the thickness of the layer, and βðRÞ and αðRÞ are the backscattering and the extinction coefficients of the atmosphere, respectively. In practice, the range variable R is discrete because of the signal sampling, and an index i is incremented over the spatial bins. The range-corrected signal is normalized by the emitted energy on a shot-per-shot basis to define a normalized signal SðR i Þ independent of the energy fluctuation and proportional to the backscattering coefficient:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 5 6 5 SðR i Þ ¼ PðR i Þ
The mean normalized signalSðR i Þ is obtained by averaging N successively recorded individual signals at successive times t n as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 4 9 3S
The information about the shot-per-shot fluctuations of the signals with respect toSðR i Þ is contained in the fractional deviations:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 6 3 ; 4 1 6 fðR i ; t n Þ ¼
To determine the displacement of the backscattering inhomogeneities, a cross-correlation function ρðL; H a ; H b Þ is defined with respect to an altitude interval ðH a ; H b Þ and to a lag value L corresponding to a discrete number of spatial points as follows: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 6 3 ; 3 2 0 ρðL;
where E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 6 3 ; 2 5 9 σ 2 ¼
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 6 3 ;
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 6 3 ; 1 7 1 z i ¼ R i sin θ;
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 9 ; 6 3 ; 1 4 6 ΔR ¼ R iþ1 − R i ;
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 0 ; 6 3 ; 1 2 1 Δt ¼ t nþ1 − t n :
The radial wind speed v R in the altitude interval ðH a ; H b Þ is determined from the lag value L max for which the correlation is maximum: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 1 ; 3 2 6 ; 7 5 2
Neglecting the vertical transport, a good assumption in usual atmosphere, the horizontal wind speed is then estimated as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 2 ; 3 2 6 ; 6 8 7
where θ is the elevation angle of the telescope and ΔΦ is the difference in the azimuthal orientation of the wind vector Φ v and of the light path Φ L . In this particular case, Φ v is equal to the wind direction angle (≈315 deg, with respect to the north) and Φ L is the azimuth angle of the laser beam with respect to the north (varying from 237.8 deg for the vertical scan and between 241 and 245 deg for the horizontal scan).
Results and Discussions
Results reported in this paper are relative to the data acquired between June 24 and 29, 2015. In particular, the attention was focused on a limited portion of data acquired between 10:21 and 11:46 (local time) on Friday, June 26, 2015. This time interval was chosen for the following reasons:
• The quality and effectiveness of the measurements provided by our system. As is visible in Fig. 4 , an example of in-plume CO 2 concentration vertical scan, extrapolated from the session performed between 11:21 and 11:46 (local time), clearly shows the complete time evolution of this chemical species as a function of time (expressed in seconds) and altitude (in meters) of the laser beam.
• The presence of both vertical and horizontal scan, as already mentioned in Fig. 3 . This was extremely useful for validating our processing method in two different situations.
• Moreover, a limited time interval was specifically chosen, to test the efficiency and the rapidity of our technique for wind speed tracking.
• The absence of precipitation and other adverse climatic events, as observed in the field.
Even though most of the LiDAR returns were acquired with a vertical orientation of the optical path, no vertical wind could be detected because the vertical wind speed is very small and below the sensitivity of our current system configuration.
Following the procedure reported in Sec. 2.3, for the evaluation of the wind speed, it is necessary to first retrieve the fractional deviation of the signals.
For example, the fractional deviations of the dataset named as region B, acquired with a beam axis elevation from 17.7 to 18.02 deg and a fixed azimuth angle of 237.8 deg, are shown in Fig. 5 . The whole sample, of ∼1.5 min in duration, is composed of nine mean LiDAR returns. This dataset was used to illustrate the time evolution of in-plume spatial aerosols inhomogeneities, as a function of altitude and elevation angle, and to explain the steps of the analysis presented below, if not otherwise stated.
As seen in Fig. 5 , successive fractional deviations at the OFF wavelength (this wavelength was chosen because it was less absorbed) show the rapid displacement of the main peak of backscattered signal. This peak is highlighted in red, and, starting our analysis from the first profile (no. 26), it is possible to notice its movement from bottom to top of the figure, with increases of the beam axis elevation and acquisition time.
This evolution was interpreted as global due to an average 0.6 m · s −1 wind component at an average altitude of 747 m above the LiDAR location.
As already mentioned in Ref. 27 , when LiDAR signals are averaged over larger spatiotemporal intervals, the determination of the fractional deviations is more accurate but their amplitude is reduced and the resolution of the wind profile is lowered. For these reasons, the LiDAR returns were acquired with a high spatiotemporal resolution (1.5 m × 12 s), and limited sample sizes (10 LiDAR profiles or less) were chosen. These facts ensured that the measured wind speed remained independent of random inhomogeneities of the backscattering profile.
The second step of our method consists of the calculus of the cross-correlation function. In Fig. 6(a) , it is reported an example of the cross-correlation function against the lag value L is reported. This function was extrapolated from the region B (see Fig. 4 ), selecting intervals ðH a ; H b Þ of about 20 m in altitude between 737 and 757 m. In this specific case, the maximum value of the cross-correlation function corresponds to L ¼ −1. A negative value of lag corresponds to wind blowing toward the LiDAR system's position.
With regard to Fig. 4 , it should be noted that no measurements could be extracted above 810 m, where the cross-correlation function was oscillating because of the signal noise.
The third step consists of employing a Gaussian estimator to calculate its mean and standard deviation, and the corresponding curve is superimposed on the data. These values are used as the measured radial wind speed and for the error calculation, respectively. In particular, the latter includes contributions from the statistical fluctuations of the signals. Fig. 4 In-plume CO 2 concentration map acquired June 26, 2015, at Stromboli. Tomography reported above was extrapolated from the measurement session performed between 11:21 and 11:46 (local time), and it represents a dataset acquired as a single group of measurements slowly stepping up in elevation angle (from 16.8 to 20 deg) over the course of about 14 min (from the total session duration of about 25 min) since, during that time, the plume displacement is extremely clear. Carbon dioxide concentration varies as a function of increasing altitude (on the left of the map) and the time of acquisition (on the right). Regions highlighted with white boxes and named as A, B, C, and D are posited to be the same set of scatterers being tracked over time. Therefore, they represent a useful example for summarizing the time evolution of inhomogeneities relative to the volcanic plume. To appreciate these displacements, it is necessary to specify that particles detected in region A need a certain amount of time for moving to the regions B (about 3 min), C (about 6 min), and D (about 9 min). As observed in the field, these movements were mainly due to the presence of wind blowing from the north-northwest. Due to this information, the standard error value, defined as ε ¼ σ∕ ffiffiffiffi N p , 31 was determined to be ε ¼ AE1.0 m · s −1 for region B. As shown in Fig. 6(b) , the variable v R was introduced to show the evolution of the cross-correlation against the radial wind speed, rather than the lag value.
It should be noted that the radial component of the wind speed (v R ) was determined from the radial displacement that occurred to aerosol inhomogeneities as a function of the laser beam elevation angle.
Finally, the last step consists of measuring the horizontal component, obtained by measuring the speed of volcanic particles.
In fact, taking into account the angular difference (ΔΦ) between the wind direction, with respect to the line-ofsight (LoS) of the laser beam, it is possible to deduce the horizontal wind speed (v), as already shown in Eq. (12) (see Sec. 2.3). For more details about wind components, see Fig. 7 .
An example of a vertical wind speed profile is visible in Fig. 8 . This graph is relative to the scan carried out between 11:21 a.m. and 11:46 a.m. of June 26, 2015 . Figure 8 shows that reconstructed values of wind speed fluctuate as a function of the altitude. This fact was confirmed by field observations since, during the same hour, there were several variations of wind speed and direction.
Considering the dataset previously mentioned in Fig. 8 , the mean value of the wind speed is about 1.3 m · s −1 . Moreover, it is possible to notice that our measures are affected by a high uncertainty level. In fact, the weighted mean standard error is globally equal to AE0.52 m · s −1 for the same interval. This was particularly due to the presence of wind blowing in a perpendicular direction with respect to the system location. This is the worst observing condition for the tracking of the wind. In fact, we retrieved the smaller wind speed component along the LoS of the laser beam.
Further results retrieved from the other scan, performed in the same measurement session, confirmed the trend previously stated. In particular, average values of wind speeds and uncertainties were found to be consistent with the ones mentioned in Fig. 8 The global weighted average value of wind speed was finally found equal to 1.1 AE 0.4 m · s −1 , for the whole measurement session.
In addition to this, it is evident that wind speed values, observed by conventional instruments (1.38 m · s −1 ), are slightly different from our results. Unfortunately, no realtime wind profiler was available at the moment of the campaign for a direct comparison with the LiDAR data. Therefore, as already stressed in Sec. 2.2, the value reported in For these reasons, it is not surprising to observe experimentally retrieved values of wind speed lower than the ones acquired by conventional instruments and reported in Fig. 3 .
However, comparing experimental results with the ones acquired at the Stromboli weather station, it is possible to notice that they are in agreement within the limits of observed error bounds. In terms of absolute value, the discrepancy between average values of wind speed retrieved by BILLI and the conventional weather station is globally equal to a 25% bias, even though our measurement error is greater, with an uncertainty estimated to be approximately 38% of the measured mean wind speed.
The discrepancies between LiDAR and conventional acquisitions highlight the limits of our system for the wind speed tracking:
• The first limit is represented by the current simple configuration with only one laser beam. This fact limits the performance to a radial measurement along the laser beam LoS, carrying out only one-dimensional measurements. Similarly to sodars or radars, 15,32 a solution to this problem (to obtain 3-D information) could be the implementation of a multibeam configuration, such as the "triple-beam sounding" technique. 15, 25 Alternatively, as already suggested, 27 it is possible to implement a fast rotating mirror (by maintaining the single beam configuration) to reconstruct the three component of the wind field. Unfortunately, both solutions still seem to be technologically difficult to apply (and to manage) with the present configuration. In particular, in the second option, the considerable weight of the current scan mirrors (≈20 kg) has to be taken into account. For these reasons, even though these solutions could significantly improve the wind measurement, these improvements are not expected to be applied to the system due to technical and economic issues.
• The second limit is represented by the high uncertainty level that affects our experimental results. This fact is largely expected since the system was not originally conceived for the wind speed tracking. To reduce the inaccuracy of our measurements, a possible solution could be to increase the laser beam energy output. In this way, an improvement of the signal-to-noise ratio is expected.
However, although our system is less accurate than coherent LiDARs, 26 its measurement error is of the same order of other single laser beam instruments 21 and of sodar systems. 32 Furthermore, intercomparisons between instruments of different kinds currently show discrepancies of the order of 0.1 to 2 m · s −1 , as shown in Refs. 32-34.
Despite the evident limits of the current system configuration and the (strong) assumptions made here (the presence of vertical transport has been neglected and it has been considered a wind blowing, on average, from N-NW direction during the analyzed measurement session), 30 the information provided is interesting within the context of modeling studies of the spatiotemporal evolution of aerosols and particles in the atmosphere.
Therefore, once we know the wind direction from in-field observations, the horizontal wind component reconstructed from a radial measurement can be used, for example, to provide a rapid means of tracking volcanic ash to improve air traffic security.
The real advantage of the method proposed in this work is that it is possible to retrieve the wind speed with only the addition of further data processing that simultaneously yields in-plume CO 2 concentrations. Our system was explicitly developed for the monitoring of this trace gas as a precursor of volcanic eruptions, and it is possible to obtain a broader set of information about volcanic plume concentration and dispersion without additional costs.
Conclusions
In this paper, a mathematical method for the rapid tracking of wind speed using a newly designed DIAL system was presented.
To test the performance of the system, an experimental campaign was carried out at the Stromboli volcano island, with the main goal of performing a combined detection of the exceedance of in-plume CO 2 concentration and the wind speed. Therefore, the main advantage was the retrieval of some weather information with only a further data processing routine and without additional costs.
As already stated in previous work, 6 carbon dioxide was continuously monitored from June 24 to June 29, 2015, since it is considered a precursor gas of volcanic eruptions. Instead, in this work, the first results concerning the wind speed profiling were shown. These results were obtained applying the point correlation method to a limited set of data, with a high spatiotemporal resolution, acquired during the morning of June 26. 
